A new methodology based on a generic heat exchanger model is proposed. • This methodology is a more informative alternative to pure thermodynamic analyses. • Optimize the trade-off between heat transfer coefficient and pressure drop. • Optimal heat exchanger design depends on its allowed size and the working fluid. • The new methodology can be applied to both design and off-design analysis.
Introduction
The Rankine cycle (RC), conventionally referred to as ORC when it employs an organic working fluid, is a mature technology. It can be applied to for instance power production from industrial waste heat and from renewable energy sources such as geothermal energy, biomass and solar energy [1] . However, the full potential of RCs is far from reached as the power production potential from the above-mentioned energy sources alone could meet the worlds power demand [2] . One step towards increasing the utilization of RCs, and thus facilitate reduction of greenhouse gas emissions from fossil fuel power plants, is to optimise the RC for each application. This is a challenging task and research efforts on RCs typically focus on certain aspects such as application, expander technology, dynamics, working fluid, cycle architecture or optimization [3] . This paper focuses on the underlying methodology of the three last aspects, hereafter referred to as RC analysis.
Rankine cycle analysis can be classified into two approaches (thermodynamic and thermo-economic) [4] , defined and exemplified in the following sections. A thermodynamic analysis consists of determining optimal operating conditions for a set of working fluid candidates or cycle layouts subjected to thermodynamic objective function(s) and constraints. A common assumption in these analyses is fixed pinch point temperature differences (PPTDs) in the heat exchangers (HXs), PPTD analysis is often used for comparison of different RCs that operate under the same boundary conditions. For instance, previous PPTD analyses have demonstrated that the transcritical cycle has a better thermodynamic performance potential than the subcritical cycle [8] [9] [10] . Chys et al. [7] used a PPTD analysis to demonstrate up to 16% increase in thermodynamic performance by using zeotropic mixtures instead of pure working fluids. Wu et al. [11] confirmed the superior thermodynamic performance potential of zeotropic mixtures, but demonstrated that the ratio between net power output and the total HX UA-value decreased, indicating that improved performance with zeotropic mixtures comes at the cost of larger heat exchangers. PPTD analysis has also been applied to compare the subcritical cycle with the trilateral flash cycle [12] and for working fluid screening of RCs utilizing LNG cold energy [13] . Vivian et al. [14] performed a PPTD analysis of multiple working fluids for both recuperated and non-recuperated cycles. They demonstrated that for a heat source inlet temperature of 180°C, adding a recuperator can give up to 9% increase in thermodynamic performance when the there is a lower limit on the heat source outlet temperature.
The main advantage of PPTD analysis is that it is fast and only requires PPTDs for defining the HXs. However, ranking a set of working fluids, cycle layouts or optimum operating conditions (i.e. subcritical vs. transcritical) from best to worst with a PPTD analysis alone is challenging, since heat exchangers of equal PPTDs does not necessarily correspond to equal HX sizes, costs, or fluid pressure drop. In addition, as several authors have pointed out, there is a trade-off between HX size and net power output when selecting PPTDs in the HXs [15] [16] [17] , and the optimal values of PPTDs in each heat exchanger are not obvious [18] .
Thermodynamic analysis can partly overcome the above-mentioned issues by optimizing the PPTD's in the heat exchangers with a constraint on the total HX UA-value, hereafter denoted UA-analysis. To the best of our knowledge, UA-analysis is rarely performed; the most relevant publication found was Ref. [19] where different CO 2 Brayton cycles with identical total UA-values were compared. A similar methodology was employed in Ref. [20] , where total HX area (based on predefined values for overall HTC) was used as a basis for comparison between working fluids for both subcritical RC and the trilateral flash cycle. However, it has been stressed that UA-value is only a preliminary indicator of HX size due to its approximation of equal heat transfer coefficients [21] .
Thermo-economic analyses include cost estimates, in addition to the thermodynamic performance, in the objective function or constraints. Thermo-economic analyses can therefore search for the optimal compromise between system cost and thermodynamic performance. One example is the study by Walraven et al. [22] , who analysed RCs of different configurations and working fluids for geothermal heat sources. The authors used an air-cooled condenser model and a shell and tube model for the remaining heat exchangers. They simultaneously optimised process conditions and HX geometry parameters to maximize the net present value (NPV) of the installation, assuming a lifetime of 30 years. They found that the heat source inlet and outlet temperatures, as well as economic parameters such as electricity price and discount rate, had a strong influence on the NPV. The work illustrates that thermo-economic analysis gives detailed results but requires a larger amount of uncertain, application dependent input parameters compared to the thermodynamic analyses.
Other examples of thermo-economic studies are found in Refs. [23] [24] [25] . All these studies consider at least three working-fluid candidates, involve detailed heat exchanger models and both thermodynamic and economic performance are included in the objective function. The results from Refs. [24, 25] did not show any economic advantage of using zeotropic mixtures instead of pure working fluids even though thermodynamic analyses has proven superior thermodynamic performance potential of zeotropic mixtures [7] . A comparison between thermodynamic-and thermo-economic analysis was performed by Quoilin et al. [26] for working fluid selection of a small-scale RC for waste heat application. Their results demonstrated that the two methodologies gave different results in the ranking of the working fluid candidates from best to worst, as well as different evaporation temperature. The paper concludes that thermodynamic analysis may not identify the best working fluid in terms of economic profitability. Thermo-economic analyses have also been applied for RC-optimization considering off-design performance [27, 28] . Results in Ref. [28] demonstrated that the most economic design compensated slightly undersized heat exchangers and turbines, with good performance at offdesign conditions. Although this approach is very promising for a realistic design optimisation, additional requirements for such analyses are the knowledge of the variations in the boundary conditions with time, and part-load models for the components.
Thermo-economic analyses provide quantitative results but are very specific and thus challenging to apply for an application where for instance the optimal set of component types are unknown. Furthermore, thermo-economic analyses are also computationally demanding for cases with multiple working fluid or cycle layout candidates. In such cases, the number of candidates can be reduced by using an initial screening analysis. Thermodynamic analysis is the traditional method for screening multiple working fluid candidates. However, the abovementioned studies indicate that thermodynamic analysis might give misleading results, partly because the heat transfer coefficient depends on the working fluid, which is particularly true for two-phase flow of pure fluids vs. zeotropic mixtures, or for boiling vs. supercritical heating.
Using thermal-hydraulic heat exchanger models in the system optimization (without considering cost) is one way of obtaining realistic estimates of HX design and size. One example is the study by Dong et al. [29] , who performed a PPTD analysis of pure and zeotropic working fluids mixtures followed by a heat exchanger area calculation based on concentric double pipe HXs with fixed diameters. The analysis showed that zeotropic mixtures increased net power production under the fixed PPTD assumption, but the ratio between net power production and total HX area was reduced. Walraven et al. [30] optimized Rankine Cycles of different pure working fluids and layouts considering both shell-andtube and plate HX. They demonstrated that systems with plate HXs perform better that systems with shell and tube HXs. They also pointed out that a possible disadvantage of plate HX with equal number of fluid passes is that the fluid channels are of equal cross-sectional area, which might lead to an inefficient heat exchanger if the volume flow rate of the two fluids differ significantly. These studies solve the problem of determining realistic estimates of HX size, but still they rely on a predefined HX geometry concept.
With basis in existing literature on we believe there is a need for a new, low computationally demanding approach to RC analysis that gives more informative results than the thermodynamic analyses, without the need for pre-selecting component types. The novel methodology for RC analysis presented in this paper is a step towards such an approach and involves the use of a generic thermal-hydraulic HX model, hereafter referred to as the GHX-model. The idea of a generic HX model is not completely new. Some of the HX's in Refs. [31, 32] were modelled by stacked layers of multiport tubes to represent a generic compact heat exchanger. However, this work takes this approach a step further since the GHX-model does not represent any manufacturable HX design. Instead, the HX geometry is defined by the generic geometry parameters required for applying thermal-hydraulic correlations for channel flow. This novel approach permits simultaneous optimization of process state points and the trade-off between overall heat transfer coefficient and pressure drop in the HX's. As such, this approach includes the effect of pressure drop on the net power output and provides a quantitative basis for HX size comparison in terms of total HX area. The proposed methodology thus permits comparison of different RCs of equal total HX area, without having to decide which specific HX types to use.
The paper is organised as follows: the proposed RC model and optimisation formulation is presented in detail in Section 2. Section 3 demonstrates the novel methodology by analysing Rankine cycles with different working fluids and HX sizes for a given heat source. The simulation results from the novel methodology are compared with results from the two thermodynamic analyses described. The most important results are discussed in Section 4, and conclusions drawn from this study are given in Section 5.
Methodology

The novel Rankine cycle analysis
The novel Rankine cycle analysis, hereafter denoted "GHX-analysis", involves the use of a generic heat exchanger model (GHX-model), the development of a RC model that applies the GHX-model, and an optimisation formulation. These three elements are described in detail in the following three subsections.
The GHX-model
The GHX-model involves a somewhat abstract representation of heat transfer mechanisms, and does not require specification of heat exchanger type, i.e. shell and tube, plate or finned tube, etc. Only five generic HX parameters are required to specify the HX geometry; hydraulic diameter (both fluids), flow cross-sectional area (both fluids) and length (the same for both fluids).
These geometry parameters provide the information required to apply thermal-hydraulic correlations for heat transfer and pressure drop. Fig. 1 shows an example cross-section of the GHX-model under the assumption that the fluids flow in multiple circular channels. In this example the hydraulic diameter is the channel diameter and the crosssectional flow area on the hot and cold side is represented by the red and blue areas, respectively.
The remainder of this section contains a detailed mathematical description of the GHX-model, which consists of three differential equations that have to be solved. The first differential equation (Eq. (1)) describes the heat transfer rate per unit length between the hot and cold fluids.
The total thermal resistance between the hot and cold fluids, R, 
The two remaining differential equations calculate the change in pressure per unit length of the hot and the cold fluids in the HX:
The ± symbol in Eq. (3) indicates that pressure can either increase or decrease when integrating through the HX since the fluids flow in opposite directions.
Heat transfer coefficients and friction factors can either be set to constant values or calculated by thermal hydraulic correlations taking into account transport-properties such thermal conductivity and viscosity. There are multiple thermal-hydraulic correlations available for channel flow and the discussion of the optimal set of correlations are [36] (evaporation) Silver [37] and Bell and Ghaly [38] for the mixture effects in multicomponent condensation and evaporation
Friedel [39] with single-phase formulation by Selander [34] Condenser outlet (Saturated liquid ) Condenser inlet (calculated) 
Integration direction
Table 2
Optimization formulation for the three different analyses considered in this paper. In each column below the headings indicating the analysis type, "X" means that the variable or constraint is applied, while "-" means that it is not applied.
Analysis method
Variable/Function GHX UA PPTD out of the scope of this article. The correlations applied in this work are widely used and based on experiments of flow in circular channels and cover both single-phase and two-phase flow of mixtures and pure fluids, Table 1 . We believe that the chosen correlations are adequate for generic heat exchanger analysis, because they are mainly functions of physical properties and the Reynolds number and involves a minimum of regression coefficients. Therefore, these correlations are relatively safe with respect to extrapolation to fluids not being subjected to experimental activity during the correlation development. The GHX-model requires the fluid states at either the hot or the cold end to be specified. These states are the boundary conditions for Eq. (1) and Eq. (3).
Process variables
p 1 X X X p 2 X - - p 4 X X X h 4 - X X mwf X X X ms X X X Qrecup - X X Evaporator geometry variables L X - - Across wf , X - - Condenser geometry variables L X - - A cross,wf X - -
Recuperator geometry variables
A calculation example for the condenser is presented, and calculations of the other HXs are similar. In the condenser, the states at the cold end are specified, Fig. 2 . The condenser is solved by n equidistant numerical integration steps, starting at the cold end. Eq. (1) is solved by a fourth-order Runge-Kutta method and gives the fluid enthalpies for the next step. Eq. (3) is solved by an explicit Euler method and gives the fluid pressures for the next step. Outputs from the GHX-model are the heat duty, HX area, pressure drop of both fluids and an estimate of the
is the mean temperature difference between the hot and cold fluids, and is approximated by the trapezoidal method for numerical integration, Eq. (4).
The HX area for the condenser and evaporator,
, is calculated as the surface area on the working-fluid side, while the recuperator area
is calculated as the average value of the surface area on the high-and low-temperature sides of the recuperator.
The Rankine cycle model
A graphical illustration of the RC model is shown in Fig. 3 , which represents the well-known single-stage recuperated RC. The non- 
UA analysis
R134a Propenen-Butane Propene Propane n-Butane recuperated cycle can also be analysed by the RC model by setting the recuperator length to zero. This means that when the recuperator length is a free optimisation variable, both non-recuperated and recuperated RC configurations are considered.
Numbers 1-11 in Fig. 3 represent the state points in the RC model and are defined by pressure and enthalpy. The thermodynamic properties and the transport properties were calculated using the NIST Standard Reference Database, Refprop version 9.1 [40] .
Models for the expander and pumps require the inlet state and outlet pressure to be specified and are modelled with constant isentropic and mechanical efficiencies according to Eqs. (5) and (6) .
Pump model:
Expander model:
The letters a-f in Fig. 3 indicate the component calculation sequence. Saturated liquid at state point 1 enters the pump and state point 2 is calculated with the pump model using the specified pump outlet pressure. The condenser is then solved from the cold to the hot end (as described in Section 2.1.1) and state points 6 and 8 are calculated. The state points at the cold end of the recuperator are thus defined, which is the next component to be solved, and state points 3 and 5 are calculated. The expander model is thereafter solved iteratively to find the expander inlet enthalpy using the specified expander inlet pressure and state point 5. Then the evaporator is solved from the hot to the cold end and state points 3′ and 11 are calculated. Finally, the heat sink pump is calculated with a pressure lift equal to the heat sink pressure drop in the condenser, such that the pressures at state points 7 and 9 are equal.
Rankine cycle optimisation
The purpose of the Rankine cycle optimisation is to find the optimal HX geometry and process design that maximizes the net power output (Eq. (7)), subject to a set of constraints that will guarantee a feasible process design.
The optimisation is performed using a gradient-based constrained optimisation solver, NLPQL [41] . The variables, constraint-and objective function for the optimisations are shown in Table 2 . Note that expander inlet pressure is a free optimisation variable, which means that the solver can choose between subcritical and transcritical process designs.
Two equality constraints are imposed to ensure that the pressure and temperature at state points 3 and 3′ are identical. Two inequality constraints requiring dry vapour at expander inlet and outlet are also included. Hence, wet expansion cycles are excluded from this analysis. Without constraints on the HX size, the PPTDs in all heat exchangers will be infinitesimally small and the required HX area will increase towards infinity. A constraint on the maximum total HX area is therefore imposed. In this case, the optimisation solver will search for the HX geometry that offers the best trade-off between overall HTC and pressure drop and the optimal HX area distribution between the three heat exchangers. In some cases, there are limitations on how far the heat source can be cooled down. We therefore imposed an optional constraint on the minimum heat source outlet temperature. Gradients of the objective function and the constraints were calculated using the second-order central difference approximation for numerical differentiation.
Thermodynamic analyses
The thermodynamic analyses presented in this work (referred to as PPTD-and UA-analysis) were performed by using a pure thermodynamic Rankine cycle model representing the same cycle layout as in 
The calculated PPTD is the smallest temperature difference between the hot and the cold fluid in all of the sub-HXs. The optimisation procedure for thermodynamic analyses resembles the procedure for the GHX-analysis described in Section 2.1.2, and is shown in detail in Table 2 . The main difference is that the HX geometry variables are replaced by variables for expander inlet enthalpy and recuperator duty in order to have the same degrees of freedom on the process-variables as in the GHX-analysis. In addition, since pressure drop is neglected, the working fluid pump outlet pressure and expander inlet pressure refer to the same variable. The last difference in the optimisation procedure is the constraint on HX size. The PPTD analysis has three inequality constraints for minimum PPTDs of 5 K in each heat exchanger, while the UA-analysis has a constraint on the total UA-value in the HXs. Fig. 7 . GHX-analysis: Net power output with propene as working fluid, including selected optimisation results for the evaporator shown in data labels.
Demonstration of the novel Rankine cycle analysis
Description of simulation case
We have defined a simulation case, Table 3 , to demonstrate the novel methodology. The case considers pressurised water at 140°C as the heat source, with a constrained minimum temperature of 70°C.
Fixed parameters
The fixed parameters for the optimisations performed in this work are shown in Table 4 . Parameters for the expander and pumps are applied for both the thermodynamic and the novel GHX-analysis, while the remaining parameters are only relevant for the GHX-analysis.
To limit the number of free optimisation variables in the GHXanalysis, but at the same time enable optimizing the trade-off between overall HTC and pressure drop, the hydraulic diameters in the heat exchangers are kept constant. Their values might not be the optimal one from a thermal-hydraulic point of view. However, the fixed values at least ensure that the hydraulic diameter are within a reasonable size with respect to for instance validity of the thermal-hydraulic correlations. We also assumed that the high-pressure channels (working fluid side of evaporator and high-pressure side of recuperator) prefer a lower hydraulic diameter than the remaining channels. In addition, the crosssectional flow area of the sink channel in the condenser was fixed to 100 cm 2 . This resulted in a heat sink velocity of 2-3 m/s. The evaporator calculation is somewhat simplified, as there is no geometry-based calculation on the heat source side. Instead, the heatsource pressure drop is neglected, a fixed heat transfer coefficient is assumed on the heat source side, and an area ratio of unity is set. The reason for this simplification is to reduce the number of free optimisation variables and thus model complexity, but also to avoid having to describe an objective function penalty caused by pressure loss in the heat source fluid, which is regarded here as being part of an industrial process. Geometry-based calculations of the heat-sink side of the condenser were included in the demonstration of the GHX-analysis, and the heat-sink pressure drop relates directly to the sink pump work.
Working fluids
International legislation, such as the Montreal and the Kyoto Protocols, place restrictions on the use of certain working fluids, and call for a shift from artificial refrigerants towards natural working fluids with low global-warming and ozone-depletion potential [21] . Hence, the natural propene, propane and n-Butane are selected for the demonstration of the GHX-analysis, in addition to the conventional refrigerant R134a as a baseline.
A mixture of 94.1 mol percent propene and 5.9 mol percent n-Butane was included to provide comparison between pure working fluids and a mixture. For simplicity, the composition of the mixture was optimised for a total UA-value of 150 kW/K and was used throughout the UA-and GHX-analysis.
Simulation results
The main results of the PPTD-, UA-, and GHX-analysis are shown in Fig. 4-Fig. 6 , respectively. In the PPTD analysis, maximized net power output was plotted against total UA-value for the different working fluids; the UA-value was calculated based on the results of the cycle optimisation. Fig. 5 .
The results of the UA-analysis are shown on the same axis, but power output has been optimised for a range of equal total UA-values, resulting in a "performance landscape" showing how the working fluids compare across a range of total UA-values, indicating the total size of the heat exchangers. The simulation points from the PPTD analysis are not necessarily located on the curves from the UA-analysis, since optimal PPTD's in the HXs could be different from the 5 K used in the PPTD analysis. Finally, results from the GHX-analysis are presented in a similar form to the UA-analysis, but note that net power is plotted against total HX area instead of total UA-value. The optimised n-Butane cycle is subcritical, and the remaining cycles are transcritical in all analyses.
In the PPTD analysis the mixture results in the highest net power, but simultaneously requires the largest UA-values. This illustrates that equal PPTD does not translate to equal UA or other expressions of HX size. The UA-analysis shows that all fluids achieve fairly similar net power outputs when given the same total UA budget. The exception is that the subcritical fluid n-Butane is slightly better for low UA-values, but starts to fall behind the others for larger UA budgets.
The general level of net power output is lower in the GHX-analysis than the UA-analysis and the working fluids rank differently compared to the UA-analysis. For instance, R134a is no longer one of the fluids with highest net power, and n-Butane shows poorer performance compared to the UA-analysis. Furthermore, the relative difference in net power between the fluids increased from the UA to the GHX-analysis. Evaporator Propane Propene n-Butane
R134a
Propanen-Butane Fig. 8 . Overall HTCs and working fluid pressure drops in optimised HXs from the GHX-analysis for different working fluids and total permitted HX area.
produces the lowest net power, but the optimised process is simpler than for the other working fluids since the recuperator is eliminated (i.e. the optimized recuperator length is zero). The table also shows that the optimized HX geometry differs with respect to working fluid. In particular, the condenser and evaporator for n-Butane are shorter, but designed with larger cross-sectional area compared to the corresponding HXs' with other fluids, resulting in a lower pressure drop and overall HTCs. Table 6 shows detailed optimisation results for propene subjected to different constraint values for total HX area. The table shows that the optimised process has a larger expander pressure ratio and net power production as total HX area increases. The table also shows that the HX design and the HX area distribution are highly dependent on the total permitted HX area. For a total HX area of 20 m 2 , the recuperator is not prioritised at all, while in the other cases the recuperator area is around 10% of the total HX area. Obviously, HX size (length and flow area) increases with increasing total HX area. However, for larger total HX areas, the condenser and evaporator are designed with lower pressure drops and overall HTCs.
Discussion
The previous section showed simulation results from the novel GHXanalysis and traditional thermodynamic analyses. The PPTD analysis predicted the largest thermodynamic performance for transcritical cycles of pure fluids and the zeotropic mixture, but these cycles also had the largest total UA-value. This in agreement with the results from Refs. [11, 21] . The UA-analysis compared RCs at equal total UA-values across a wide range of HX sizes, represented by total UA-values, and demonstrated that the optimal working fluid depends on the permitted HX size.
The contribution of this work is the novel GHX-analysis, based on generic HX models and simultaneous optimisation of overall HTC vs. pressure drop trade-off and process parameters. The results from the GHX-analysis demonstrated that the trans-critical R134a and the subcritical n-Butane cycle both were outperformed by the other options for the whole range of considered system sizes. In contrast, the thermodynamic analysis predicted a relatively better performance of the two solutions. The fact that the outcome of an analysis depends in the underlying methodology have already been confirmed by Quoilin et al. [26] . If this hypothetical demonstration case instead were an initial part of a system design procedure; the next step could be to exclude the R134a and n-Butane solutions and perform a thermo-economic analysis of the remaining promising solutions. In addition, the optimized HX parameters such as pressure drop, cross-sectional flow area and surface area ratio could be used to give a flying start on the HX design, with respect to geometric configuration, thermal-hydraulic design or HX type. Such information cannot be provided by a thermodynamic analysis alone. The GHX analysis also demonstrated that adding a recuperator is beneficial only when a sufficient large total HX area is permitted. This is a new criterion for the selection of recuperated vs. non-recuperated cycle since previous literature mentions a constrained outlet heat source temperature and a sufficient high heat source inlet temperature as the main criterions for adding a recuperator [10, 14] . Fig. 7 shows selected results from the GHX-analysis for propene as working fluid. Evaporator duty, PPTD, working fluid pressure drop and overall HTC are given in data labels for total HX areas of 20 m 2 , 60 m 2 and 100 m 2 . The figure illustrates how the cycle optimisation effectively finds the best trade-off between different component and cycle losses subject to the active constraints. For the lowest total HX area, the optimisation chooses a fairly high pressure drop to obtain high overall HTC. In the trade-off between quantity (duty) and quality (temperature) of recovered energy, a small fraction of the available heat source is not captured. When the total HX area "budget" increases, a shift in both these trade-offs can be observed. Pressure drop and heat transfer coefficients decrease, and all the available heat in the heat source is recovered at higher exergy, as the average temperature differences are reduced, as reflected in decreasing PPTD.
The overall HTCs and working fluid pressure drops in the optimised condensers and evaporators from the GHX-analysis are shown in Fig. 8 . The figure illustrates strong positive correlations between pressure drop and overall HTC in the evaporator and condenser when the total permitted HX area is changed, indicating that the optimal trade-off between heat transfer and pressure drop depends on the total permitted HX size. Fig. 8 can also be used to understand the difference between the results of the UA-and GHX-analysis. The GHX-analysis includes exergy losses due to working fluid pressure drop, resulting in lower net power output compared to the UA-analysis, which neglects working fluid pressure drop. In addition, the GHX-analysis calculates the UA-value as the product of HX area and overall HTC. Hence, the RCs are not necessarily compared at equal total UA-values in the GHX-analysis, as is the case for the UA-analysis. Therefore, discrepancies between the results of the thermodynamic-and GHX-analyses are to be expected for fluids with different overall HTCs. As an example, consider the overall HTCs of R134a in Fig. 8 . When the overall HTCs in the evaporator at equal total pressure drops are compared, all hydrocarbons have relatively similar values, which are larger than overall HTCs for R134a. R134a also has lower HTCs than the hydrocarbons in the condenser. This effect is the main reason why R134a (the best pure fluid from the UA-analysis) was outperformed by several hydrocarbons in the GHXanalysis.
A reason behind the poor performance of the n-Butane cycle is also indicated here. n-Butane had significantly lower operating pressures than the other fluids, and cycle performance is thus more sensitive to working fluid pressure drop. As shown in Table 5 , the n-Butane evaporator and condenser were designed with larger cross-sectional area and shorter length compared to the other fluids. This results in a lower pressure drop and overall HTC for the butane heat exchangers as can be seen in Fig. 8 . The GHX-model represents an abstract heat exchanger that cannot be manufactured, which implicates that experimental verification of the GHX-model, other than experimental verification of the thermal-hydraulic correlations, is impossible. However, the optimised operating conditions and the pressure drops from the GHX-analysis could be applied as input for a HX type-specific design optimisation. In this case, the resulting heat transfer area from such an analysis could be compared with the HX area predicted by the GHX-model for evaluating the accuracy of the GHX-model with respect to estimating size of real heat exchangers. Whether the use of thermal-hydraulic correlations for circular channels are realistic for the final application, also depends on choice of HX technology at the later stage. However, the presented approach is based on the assumption that the trade-off between overall HTC and pressure is similar in nature across common HX types. Validation this assumption is suggested for future work.
The isentropic efficiency of the expander has a strong influence on the expander power and thereby the performance of the Rankine cycle. Further development of a generic RC analysis should therefore include a more detailed expander model capable of predicting performance based on fluid properties and operating conditions.
The accuracy of the optimisation in terms of finding the global optimal solution should also be discussed. The GHX-analysis included 12 optimisation variables and six non-linear constraints, which is obviously a challenging optimisation problem. Some of the optimisation variables in Table 6 do not change monotonically with increasing total HX area. For instance, an increase in the evaporator length was expected when the total HX area was increased from 80 m 2 to 100 m 2 for propene. The decrease in the evaporator length for this case is due to the optimiser "getting stuck" in a local optimum in at least one of the two "total HX area" cases. However, the smooth monotonic curves of the net power output vs. total HX area in Fig. 6 indicate that the maximised net power output is at least very close to the global maximum.
In this paper the GHC-analysis was applied to analyse different RCsystems at design conditions. However, the GHX-analysis can also be applied for "quasi steady-state" off-design analysis with, for instance, a heat source with time-dependent operating conditions. Such an analysis can be performed by optimising HX geometry for a given design condition and fixing this geometry in the off-design analysis.
Conclusions
Selection of fluid, cycle layout and component types are important issues when designing a Rankine cycle and the optimal outcome is very dependent on the target application. Thermodynamic analysis is a common methodology for screening multiple Rankine cycle options in terms of thermodynamic performance potential, but additional assumptions are required to estimate component sizes such as HX area. The GHX-analysis is presented as a more informative alternative method for screening or initial Rankine cycle analysis by introducing a generic heat exchanger (GHX) model. The GHX model does not represent a certain HX-type or even a manufacturable design, but applies fluid properties and a minimum amount of generic geometry parameters to estimate local heat transfer coefficients and pressure gradients. The GHX-analysis thus permits simultaneous optimization of process state points and the trade-off between overall heat transfer coefficient and pressure drop without relying on a certain HX-geometry concept. The GHX-analysis was demonstrated for analysing a single stage recuperated RC with different working fluids and HX sizes, and compared with pure thermodynamic approaches. The main conclusions drawn from this work are the following:
• Both thermodynamic-and GHX-analysis can be applied independently of the HX-type(s) under consideration. However, GHXanalysis provides a quantitative measure of HX size in terms of HX area, instead of the qualitative UA-value from the thermodynamic analysis.
• The optimal HX design predicted by the GHX-analysis (e.g. pressure drop and flow cross-sectional area) gives a "flying start" for designing heat exchangers for the target application.
• The trade-off between overall HTC and pressure drop is a compromise between exergy losses due to pressure drop and finite temperature difference between two fluids. The GHX-analysis demonstrates that the optimal trade-off is highly depended on the working fluid and on the total permitted HX area. Hence, the optimal pressure drop is an important parameter for determining the overall HTC, in addition to working fluid properties and flow-regimes.
• The present study focuses on presenting a methodology, rather than designing a Rankine cycle for a target application. However, it should be noted that the GHX-analysis is not limited to analysis at design operating conditions, but can also be applied to predict offdesign behaviour in heat exchangers.
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